Developing single-nanowire terahertz (THz) electronics and employing them as sub-wavelength components for highly-integrated THz time-domain spectroscopy (THz-TDS) applications is a promising approach to achieve future low-cost, highly integrable and high-resolution THz tools, which are desirable in many areas spanning from security, industry, environmental monitoring and medical diagnostics to fundamental science. In this work, we present the design and growth of n + -i-n + InP nanowires. The axial doping profile of the n + -i-n + InP nanowires has been calibrated and characterized using combined optical and electrical approaches to achieve nanowire devices with low contact resistances, on which the highly-sensitive InP singlenanowire photoconductive THz detectors have been demonstrated. While the n + -i-n + InP nanowire detector has a only pA-level response current, it has a 2.5 times improved signal-tonoise ratio compared with the undoped InP nanowire detector and is comparable to traditional bulk THz detectors. This performance indicates a promising path to nanowire-based THz electronics for future commercial applications.
Introduction
Over the past decade, terahertz time-domain spectroscopy (THz-TDS) has emerged from being a laboratory-based technique to find a number of industrial and commercial applications [1] . In particular, materials characterization, including nanomaterials [2] , pharmaceuticals [3] , bio-molecules [4] , process monitoring [5] and homeland security fields [6, 7] have all been shown to benefit from using THz-TDS as a contact-free, non-ionizing and molecular-vibration sensitive probe. As part of this development, photoconductive (Austontype [8] ) THz emitter and detector technology has advanced via the introduction of ion-damaged [9] or low-temperature grown [10] III-V semiconductor materials, which possess fast photoconductivity rise times, short carrier lifetimes and high carrier mobilities, and complex antenna geometries [11] for broadband operation. However, the manufacture of photoconductive emitters or detectors remains limited and at high cost, owing to the challenges associated with the production of semiconductors that exhibit these desirable optoelectronic properties. Furthermore, current THz-TDS techniques present many challenges for miniaturization due to the constraints posed by sub-millimeter wavelengths. To overcome this limitation, a miniaturized or on-chip THz spectrometer has been proposed, which could lead to improvements in nearfield spectroscopy for sub-wavelength THz imaging and the application of THz characterization to microscopic samples [12, 13] . One way to develop simple, low-cost, highly integrable emitter and detector structures for such advanced applications is through the use of quasi-1D semiconductor nanowires [14] as the active element.
Semiconductor nanowire detectors for THz applications have been demonstrated using a number of approaches (such as plasma-wave detectors based on nanowire field-effect transistors [15] [16] [17] ). Nevertheless, for the most powerful THz-TDS applications, photoconductive antenna-based nanowire detectors are demanded. We have previously shown that single GaAs/AlGaAs nanowires can provide many of the desired properties [18] , suitable for use as sensitive detectors in THz-TDS. More recently, we have reported that nominally undoped InP single-nanowire photoconductive detectors with optimized antenna structure have excellent sensitivity and broadband performance [19] , approaching that of conventional bulk Fe + ion-implanted InP [20] photoconductive antennas. While it might be assumed that the nanoscale material volume of nanowires would present a disadvantage to their use for THz detection, we have shown that the advantages in signal-to-noise ratio [20] and dynamic range [21] gained from a greatly enhanced on-off ratio can outweigh the reduction in signal size. Having previously optimized both the active material system and antenna, we now seek to further improve the efficiency of nanowire detectors to compete with that of conventional devices, by selectively doping the nanowire to optimize the contact design. Thus coupled with a variety of material synthesis methods [22] , low material cost and opportunities for high density integration, such nanowire detectors are of great promise for a myriad of THz spectroscopy applications.
In conventional photoconductive THz emitters and detectors, contact quality is known to play a significant role in determining device performance [23] . Lower contact resistance leads to higher output power in photoconductive emitters; similarly, for effective detection, Ohmic contacts are essential to ensure maximum detection sensitivity [24] . Nominally undoped InP single-nanowire detectors [19] have been shown to exhibit a clear Schottky interface between the nanowire and metal contact, thereby reducing sensitivity. It is therefore important and necessary to create high-quality Ohmic contacts to further improve nanowire photoconductive detectors. Common techniques to form Ohmic metal-semiconductor contacts include thermal alloying [25, 26] and ionimplantation [27] at the contact region. Unfortunately, these methods are not suitable for use with semiconductor nanowire devices, as the former can lead to thermal decomposition, while the latter is extremely challenging and risks material damage. A careful metal choice can help [26] , for example, non-annealed contacts, such as Ti/Au contacts, have been widely used for the low-temperature grown GaAs photoconductive THz antennas to achieve Ohmic behavior [26, 28, 29] . However, the very limited contact surface area for single-nanowire devices leads to significant device-todevice variation in the resultant contact quality. In this work, we take advantage of the ease of designing and characterizing axially modulated doping in nanowires to grow n + -i-n + axial structures. By making electrical contact to the highly doped end regions of the nanowire, we aim to reduce contact resistance while maintaining the high sensitivity of the nanowire architecture. While the n + -i-n + structures have been previously reported for planar photodetectors [30] and, more recently, GaN-based nanowire photodetectors [31, 32] , its use for photoconductive devices has not yet been reported.
In this paper, we focused on growth and characterization of the n + -i-n + structures, along with fabrication and testing of integrated photoconductive detectors based on InP single nanowires. It is noted that effective characterization of spatially varying carrier densities in a single nanowire is typically highly challenging due to the small volumes of material involved and thus limited techniques. As such, we used a newly developed optical technique [33] to measure the local carrier density with diffraction-limited resolution. By correlating these measurements with 2-and 4-terminal contact electrical studies, we evaluated the effectiveness of the axially modulated doping approach. Finally, the fabricated n + -i-n + InP single-nanowire photoconductive detectors are incorporated in a THz-TDS system, where they are shown to be superior alternatives to undoped InP single-nanowire detectors. We also demonstrated that despite their nano-size active volumes, n + -i-n + single InP nanowire detectors perform comparably to conventional bulk InP THz detectors, exhibiting great promise for further implementation in industrial THz systems. This work opens a new avenue for design and improvement of single-nanowire photoconductive detectors for commercial THz applications, which may be also applicable for design and optimization of highly efficient single-nanowire photoconductive emitters. With the singlenanowire THz electronics developed via this approach, we are one step closer to realizing a high-performance on-chip THz-TDS spectrometer [12, 13] .
Experiment
All InP nanowires studied in this work were grown on bulk (111)A InP substrates, using a selective-area metal organic vapor phase epitaxy (SA-MOVPE) technique in a commercial MOVPE reactor (AIXTRON 200/4). The undoped InP nanowires were grown following a previously reported approach [33, 34] , which has been shown to produce unintentionally n-type doped, defect-free and pure wurtzite (WZ) InP nanowires. The unintentional doping in these undoped InP nanowires can be attributed to the background impurities in the MOVPE precursors [35] . Prior to the nanowire growth, a 30 nm-layer SiO 2 mask was first deposited on a (111)A InP substrate, patterned by an electron beam lithography system and selectively etched by using buffered hydrofluoric acid solution to create hexagonal arrays of open circles on the SiO 2 mask. The circle diameter was ∼200 nm with a pitch of 800 nm. The patterned substrates were then loaded into a horizontal-flow low-pressure MOVPE system for nanowire growth. The undoped InP nanowires were grown at 730°C for 40 min with trimethylindium and phosphine precursors at a flow rate of 6.1×10 −6 and 4.9×10 −4 mol min
respectively. For intentional n + doping calibration, gaseous silane (SiH 4 ) at varied flow rates was introduced during nanowire growth, with all other parameters kept unchanged, to produce uniformly silicon (Si)-doped, n-type [36] InP nanowires with different doping concentration. In order to grow the n + -i-n + nanowire structure, SiH 4 gas was introduced at the beginning of the nanowire growth, shut off during growth of the i section, and introduced again for the rest of nanowire growth.
Results
To achieve appropriate doping in the n + -i-n + single InP nanowires, the relationship between nanowire growth, doping characteristics and resultant device contact quality of undoped and uniformly n-doped InP nanowires with different dopant concentrations were firstly studied. Both undoped and doped InP nanowires were found to have a high structural uniformity, with a diameter in the range of 220-260 nm and a length of 8-12 μm. A typical scanning-electron-microscopy (SEM) image of a single InP nanowires studied in this work is shown in figure 1(a) . Doping profiles of single InP nanowires for various growth conditions were measured using a novel optical technique described in [33] , which combines both power-dependent photoluminescence (PL) and time-resolved PL (TRPL) measurements. Details of this technique and measurements are provided in the supporting information is available online at stacks. and (1.08±0.29)×10 18 cm −3 , which we refer to as undoped, lightly-doped and heavily-doped InP nanowires, respectively. Since inhomogeneity in a nanowire ensemble is known to lead to variations in doping concentrations among nanowires, statistical measurements were performed to evaluate an average doping level for each growth condition (data are provided in supporting information). The average doping concentration was determined to be 0.17×10 18 cm −3 for the undoped InP nanowires and 0.49×10 18 cm −3 for the lightly doped nanowires; both of them show a uniform doping profile along the length of nanowires. The heavily-doped nanowires show some variations in doping concentration among nanowires with values ranging from 1.08×10 18 cm −3 to 1.76×10 18 cm −3 , while exhibiting a slight non-uniform doping profile along the length of single nanowires. The effect of Si doping on crystal defect evolution in these InP nanowires was examined by transmission electron microscopy (TEM). Figures 1(e)-(g) display the TEM images for the undoped, lightly-doped and heavily-doped InP nanowires, taken from the same growth batch as described in
The TEM images show a pure WZ structure (see figure 1(h)) with no stacking faults observed for all nanowires. The presence of Si in these InP nanowires was found to be below the energy-dispersive x-ray detection limit (∼0.3 atomic percent, equivalent to 1×10 19 cm −3 ), in agreement with their evaluated doping concentrations.
These InP nanowires were then fabricated into single nanowire devices for both 2-terminal and 4-terminal currentvoltage (I-V ) measurements. The device geometry is shown as an inset image in figure 1(i) (details of the device fabrication process can be found in supporting information). 2-terminal measurements reveal the overall behavior (including contact type-Schottky or Ohmic-and quality) of the nanowire device; whereas 4-terminal measurements allow the accurate measurement of nanowire resistivity without the influence of contact resistance. 9 Ω and 2×10 5 Ω for the undoped, lightly-doped and heavily-doped InP nanowires respectively, one or two orders of magnitude smaller than that obtained in their 2-terminal measurements (see online supplementary information). This difference between measurements highlights the huge influence of contact resistances on nanowire device performance. It is noted that, in 2-terminal measurements, I-V characteristics for devices from undoped and lightly-doped single InP nanowires show typical Schottky behaviors, whereas the I-V characteristics for devices from heavily-doped single InP nanowires show a near-Ohmic behavior, indicating that Si doping above ∼1×10 18 cm −3 can create low-resistance contacts for InP nanowire devices [36] .
Utilizing this understanding of the relationship between contact resistance and nanowire doping from the 2-terminal and 4-terminal I-V measurements, n + -i-n + InP nanowires were designed to produce Ohmic contacts. To grow an n + -i-n + nanowire structure, each axial segment was designed to grow for the same amount of time (12 min in this work), with the SiH 4 flow rate set to 3.1×10 −7 mol min −1 for the doped segments and 0 for the undoped segment, targeting a nominal doping concentration profile of ∼1×10 18 cm −3 and <1.5×10 17 cm −3 respectively. The n + -i-n + InP nanowires were also characterized using the optical doping profiling technique [33] as shown in figure 2 . The power-dependent PL spectra were measured point-by-point along the single n + -i-n + nanowire. For each point, the TRPL intensity decay was recorded under the low excitation power condition [33] to extract a local PL lifetime for calculation of the doping concentration. A 'n'-shape PL spectrum peak position profile along the nanowire was observed (see figure 2(a) ), where both ends show a blue-shift in PL peak position. This confirms that the ends of the nanowire have a relatively higher doping level, and that the doping is n-type [37] , as designed. The PL lifetime profile along the same nanowire is shown in figure 2(b) , indicating an asymmetric n + -i-n + doping could have been formed within the InP nanowire. Figure 2 (c) displays the resultant doping profile, as determined by our optical technique. It can clearly be seen that the doping along the nanowire is indeed asymmetrical, consistent with the PL lifetime profile. Nevertheless, the doping profile along the nanowire qualitatively follows the design of an n + -i-n + structure, with dopant levels ranging from 0.28×10 18 cm −3 to 1.48×10 18 cm −3 , from the nominally undoped section to heavily doped section, while the length of the undoped section is found to be ∼3 μm, as expected. Some differences in length of the three sections was clearly observed and attributed to the growth rate variation with time during SA-MOVPE growth; it has previously been shown that SA-MOVPE InP nanowires grow faster near the base [38] . Considering the three sections in the n + -i-n + nanowires were grown for the same duration of time in experiment, it can be inferred that the end starting from 0 on the abscissa in figures 2(a)-(c) is the base of nanowire. This end has a relatively lower doping and a smooth n + -type to i-type doping profile, likely due to being held at a high temperature during growth for a longer time, leading to diffusion of the Si dopant from the base. The other end with shorter growth length is identified as the tip of the nanowire, which has higher doping and an abrupt doping profile next to . the undoped section. The analysis on the nanowire tip and base has also been confirmed by SEM imaging, where the tip end of the nanowire is easily identified by a flat surface profile and base end with a jagged profile (due to being broken off from the substrate [33] ). In order to obtain a relatively symmetrical n + -i-n + doping profile in the nanowire in the future, such deviations should be accounted for reducing growth time to minimize the dopant diffusion while providing a higher doping for n + region at the nanowire base. However, the current n + -i-n + InP nanowires in this report meet the requirement for forming and investigating low-contact resistance nanowire devices.
To further characterize these n + -i-n + InP nanowires, the photoconductivity lifetime and electron mobility of an ensemble of the n + -i-n + InP nanowires were measured by time-domain optical pump-THz probe spectroscopy [18, 19] (details are provided in the online supplementary information). These parameters are crucial to evaluate the suitability of a semiconductor for THz detection: the photoconductivity lifetime determines the signal processing technique and noise level in the detector, while the carrier mobility determines its response level. We found that the incorporation of n + sections in the InP nanowires has a small influence on the original material conductivity properties. A ∼1.91 ns photoconductivity lifetime was obtained for n + -i-n + nanowires, comparable with ∼1.71 ns measured for undoped ones. The electron mobility for n + -i-n + InP nanowires was found to be approximately 950±560 cm 2 V −1 s −1 , also comparable with 1260±320 cm 2 V −1 s −1 measured for undoped ones. The slight differences in both photoconductivity lifetime and electron mobility could be owing to the increased ionized impurity scattering in doped nanowires [39] . Despite that, they still indicate that a high material quality is maintained in the doped nanowires.
Based on the doping profile analysis, we fabricated Ti/ Au electrodes on the n + -i-n + single InP nanowire, intentionally covering each end with a metallized region of ∼1 μm (the device geometry is provided in figure 3(a) ). It was found in our case that a longer contact length (>2 μm) would overlap with the undoped section, reducing the active area of the resultant device; while shorter contact length (<800 nm long) would reduce the contact area to the nanowire device, introducing variability in the contact quality. In order to investigate the improvement of the contact resulting from the n + -i-n + design, spatially-resolved photocurrent mapping of the single InP nanowire devices was performed using 532 nm continuous-wave laser excitation. Figure 3(b) shows the photocurrent distribution along both a single n + -i-n + InP nanowire device and an undoped single InP nanowire device at biases of ±0.5 V. It can be seen that for the n + -i-n + nanowire device, the photocurrent predominantly originates from the central, undoped i section of the nanowire; while for the undoped nanowire device, the photocurrent is mainly from the contact junctions (which can be described as having back-to-back Schottky contacts). This indicates that the n + sections of the n + -i-n + nanowire worked well, as intended, lowering the contact barrier height, to form low-resistance contacts at both ends of the single nanowire device. It is also noted that the photocurrent profile along the n + -i-n + single InP nanowire device is in good agreement with the doping profiles shown in figures 2(a)-(c) , confirming that the photocurrent in the n + -i-n + single nanowire device mostly arises from the undoped i section. Importantly, the n + -i-n + single nanowire device exhibits a strong photosensitivity even under room light illumination ( figure 3(c) ), whereas the undoped single nanowire device shows significantly lower photoresponse under the same illumination condition ( figure 3(d) ). More quantitative comparisons of the photo-response between the n + -i-n + and undoped single nanowire devices are provided in supporting information. Subsequently, powerdependent photocurrent measurements along the n + -i-n + nanowire device were carried out (details are provided in supporting information), indicating that the non-metallized n + sections, which have a relatively low photosensitivity due to the free carrier absorption [40] , also contribute to the total photocurrent. For optimized photo-detection, the length of the n + section in n + -i-n + nanowires could be further minimized. In order to examine the influence of doping asymmetry observed in figure 2 on the device performance, bias-dependent photocurrent measurements along single n + -i-n + nanowires were performed. It can be seen from figure 3(d) that the photocurrent from the n + -i-n + device shows a distinct difference in intensity under positive and negative bias. However, the spatial origin of photocurrent is insensitive to the applied bias direction and always observed predominantly from the nominally undoped section.
The I-V characteristics for the n + -i-n + nanowire device are plotted in figure 3(e) . For the case of positive bias (the tip of the nanowire is positively relative to the base), the photocurrent increases with increasing bias voltage and can be described by three different carrier-transport regimes: (I) a linear behavior at the very low voltage region, obeying Ohm's law; (II) an exponential behavior at the medium voltage region, commonly occurring in the wide band gap p-n diodes due to a recombination tunneling mechanism [41, 42] ; and (III) a power-law behavior at the high voltage region, resulting from space-charge-limited current [43] . The observation of the three regions indicate the presence of a large Schottky barrier under positive bias in the device. For the case of negative bias (the base of the nanowire is positively relative to the tip), only one behavior is observed: the photocurrent increases following a linear relationship, indicating a very low Schottky barrier (hence a quasi-Ohmic contact) in the device under negative bias. The different barrier heights indicated from the figure 3(e) can be ascribed to the difference in doping levels at the tip and the base of the n + -i-n + InP nanowire. The contact at the base may be responsible for the higher barrier, as the base has a lower doping concentration due to diffusion effect (see figure 2(c) ). These imperfect Ohmic contacts for current n + -i-n + nanowire devices suggest that there is still room for further improvement of n + -i-n + nanowire growth. Nevertheless, both contact barrier heights in the n + -i-n + device have still been significantly reduced through contact doping, since the n + -i-n + InP nanowire device shows a much higher photo-response than the undoped nanowire device under the same measurement condition. Furthermore, the n + -i-n + InP nanowire device also presents a greatly improved sensitivity due to the improved contact quality, capable of low-voltage operation (at 0.1 V) over a wide temperature range from 77 to 300 K. Details of temperature-dependent photocurrent spectral response for the n + -i-n + InP single nanowire device and related optical simulations regarding its spectral absorption characteristics are provided in supporting information.
Finally, the n + -i-n + InP nanowires were fabricated into single-nanowire THz detectors with a strip-line electrode geometry [19] , and were incorporated in a standard THz-TDS system for characterization. Details of the device fabrication and THz-TDS measurements are provided in the online supplementary information. Figures 4(a)-(f) shows typical THz responses obtained from an undoped InP single-nanowire detector, an n + -i-n + InP single-nanowire detector, and a traditional (bulk) ion-implanted InP photoconductive detector in the THz-TDS system, with the same electrode geometry. The n + -i-n + nanowire detector shows a broad spectral response bandwidth in the range of 0.1-2.2 THz with a good sensitivity and a low noise level, similar to the undoped nanowire detector and the traditional bulk detector. In our work, the detector bandwidth is defined as the cutoff frequency at the noise floor of its spectral response. The noise floor is related to the dark current of the detector, and therefore the Johnson-Nyquist noise is the dominant noise source in bulk detectors [19] . For single nanowire detectors, due to the nanoscale active material volume and the use of an insulating substrate, a significant reduction of JohnsonNyquist noise and thus a low noise floor can be achieved. As a further demonstration of their functionality, the n + -i-n + nanowire detectors were used to measure the refractive index (figure 4(g)) and absorption coefficient ( figure 4(h) ) of a piece of paper cards over a THz range from 0.5 to 1.5 THz in the THz-TDS system. The measured values using the n + -i-n + nanowire detector are in good agreements with the literature [44, 45] as well as those obtained using a conventional (bulk ion-implanted InP) THz detector [19] , demonstrating the practical value of the n + -i-n + InP single-nanowire THz detectors. Table 1 summarizes a detailed comparison of device performance among the undoped InP single-nanowire THz detector, n + -i-n + InP single-nanowire THz detector and traditional ion-implanted InP THz detector. The spectral response bandwidths of the three types of THz detectors are comparable however with some marginal differences (traditional detectorn + -i-n + nanowire detectorundoped nanowire detector). Since all experimental factors that influence the measured spectral bandwidth, such as the laser pulse duration, the THz source and the detector antenna geometry (a strip-line structure), are kept the same for all detectors, the difference in response bandwidth for the three detectors can be attributed to the difference in their noise floor level as shown in figures 4(b), (d) and (f)), signal-to-noise ratio [46] (defined as the average peak-to-peak current to the standard deviation of the difference of peak-to-peak current from two consecutive scans) and dynamic range [19, 47] (defined as the peak-to-peak current over one time-domain scan to the standard deviation of the noise current in the absence of THz over the same scan). As a direct result of the improved contact quality, the n + -i-n + nanowire detector shows lower noise current fluctuation and a lower noise floor compared to the undoped nanowire detector, and exhibits an improved response bandwidth, signal-to-noise ratio and dynamic range. The signal-to-noise ratio of the n + -i-n + nanowire detector increases by a factor of 2.5 to a value of 53 compared to the value of 21 of the undoped nanowire detectors. Although a significant difference in detection material volumes between the nanowire and bulk detector leads to a limited THz response current (a few tens of pA) and thus a 4-5 times reduction in dynamic range for the nanowire detectors, the n + -i-n + nanowire detector still shows a comparable signal-tonoise ratio to the bulk detector, indicating that doping engineering is an effective and promising tool for optimization of single-nanowire THz devices.
We anticipate that further improvements in nanowire detector performance (for better signal-to-noise ratio and dynamic range) can be achieved through increasing the doping concentration of n + sections in the nanowire to achieve better Ohmic contacts, as well as performing a careful growth calibration to produce a longer i section to increase the THz response current. It is also noted that the peak value of the THz response current obtained for the n + -i-n + nanowire detector is very close to that of the undoped nanowire detector; this is given the difference observed in above directcurrent (DC) photocurrent measurements. Unlike the DC photocurrent measurement, which requires an external bias to produce a voltage drop across the contacts of device to drive the photo-induced electron-hole pairs to form a current, the photoconductive detector for THz measurement requires no external bias to be applied for operation. The incident THz electric field coupled into the detector acts as an ultrashort alternating-current (AC) bias to drive the photo-induced carriers to the contacts. For the former case, the response current is strongly dependent on contact quality, as non-Ohmic contact introduces a parasitic resistance to the current flow. For the latter, the photo-excited carrier density in the detection material determines the current flow, as THz electric field is distributed uniformly inside the detector and drives the current directly without voltage loss (in the contacts). However, it is important to achieve two Ohmic contacts in photoconductive THz detector, as Schottky contacts have been shown to lead to a THz rectification behavior [48] . It is noted (c) and (e), respectively. Refractive index (g) and absorption coefficient (h) of a paper card obtained by characterization in the THz-TDS system using the n + -i-n + nanowire detector and the traditional detector. (For signal-to-noise ratio, the signal is defined as the peak-to-peak current over one time-domain scan, and the noise is the standard deviation of the difference of two consecutive scans with identical parameters. Dynamic range is defined as the ratio of the peak-topeak current over one time-domain scan to the standard deviation of the noise current in the absence of THz over the same scan.) that rectification is highly non-linear, which can amplify small variations such as pulse-to-pulse or scan-to-scan noise, whereas Ohmic contacts are inherently linear leading to a more stable and accurate current response of the detector and thus higher detection sensitivity. Finally, it is worth mentioning that, the photoconductive detector may be further modified for use as a photoconductive emitter (to generate THz radiation) in THz-TDS. However, photoconductive THz generation is in a sense an opposite process to photoconductive detection, in which an externally applied DC bias is required for operation. The external bias field distribution inside the emitter with Schottky contact electrodes will be localized close to the contacts, which may largely limit the THz emission efficiency. Therefore, forming Ohmic contacts to obtain uniform bias field distribution is not only important for photoconductive THz detectors but also essential for photoconductive THz emitters for low-voltage [49] operation and high output powers. In summary, we have performed a detailed study of n + -in + InP single nanowires to achieve low-contact resistance photoconductive detectors for highly-sensitive THz detection. A novel and widely-applicable optical technique was used to profile the doping concentration along the nanowire for design and optimization of the n + -i-n + nanowire structure. This approach can also be extended to study other axiallydoped nanowire heterostructures, opening a new path to further improve nanowire-based devices for their practical development. Through doping engineering of InP nanowires, the contact quality in the device was significantly improved, leading to high-quality THz detection. The excellent detection capability of n + -i-n + InP single-nanowire THz detectors further prove the suitability of using III-V nanowires to achieve nanoscale THz electronics for advanced THz systems for industrial/commercial THz applications. Future work will focus on new material development and optimization, device geometry/antenna design optimization, device fabrication reproducibility and integration of nanowire-based detectors for advanced THz-TDS systems.
